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Why study Europa’s silicate mantle?
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•Multiple metabolic pathways 
and biogeochemical cycles if 
new rock is delivered to the 
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• “Thermodynamics-driven 
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entropic death” (Gaidos et al., 1999; 
Chyba and Hand, 2001)

Artist’s depiction of a hypothetical 
Europa mission. Credit: NASA



Why study the silicate mantle?

•Multiple metabolic pathways 
and biogeochemical cycles if 
new rock is delivered to the 
seafloor (Zolotov and Shock, 2004)

• “Thermodynamics-driven 
extinction” / “Specter of 
entropic death” (Gaidos et al., 1999; 
Chyba and Hand, 2001)

Is there volcanic 
activity at the 

seafloor today?

Artist’s depiction of a hypothetical 
Europa mission. Credit: NASA



the rock continues to rise, it forms a two-phase mixture of solid and melt, which
undergoes continual melting until, near the surface, the temperature drops and
the rock solidifies. Thermodynamically, the melt forms preferentially at the
intersections of individual mineral grains that can be expected to form an
interconnected network (McKenzie 1984). The melt is therefore able to move
through the porous solid matrix and, being less dense, will rise buoyantly.

The whole situation can be described by the general theories of two-phase
flows with mass exchange between the phases (Drew 1983; Bercovici et al. 2001),
and many authors have proposed equations to model partially molten material
(Turcotte & Ahern 1978; Ahern & Turcotte 1979; McKenzie 1984; Fowler 1985;
Ribe 1985; Scott & Stevenson 1986; Spiegelman 1993; Bercovici et al. 2001).
These differ in some specifics, but have the same general form, and have been put
to a variety of uses. Surprisingly little attention, however, has been given to
posing and solving a full model for the partial melting process, which must
include, for example, not only the governing equations but also consistent
boundary conditions.

The first attempts to model the process were by Turcotte & Ahern (1978), who
considered Darcy flow through a deforming solid matrix with the melting
prescribed by an equilibrium relationship between temperature, pressure and melt
fraction. The principal assumption they make is that the pressure in melt and solid
are the same, stating that viscous deformation of the grains will readily occur over
short length scales (less than 100 m) to quickly equalize pressures. Effectively this
allows the matrix to freely compact as the melt migrates upwards through it.

It is now realized that this compaction is in fact due to the difference in
pressure between the phases, which must therefore be accounted for in any model
of the process, as is generally the case for other two-phase flows and particularly,
for example, in soil mechanics. Following the widely used form of the equations
suggested by McKenzie (1984), this pressure difference is commonly parame-
terized in terms of a bulk viscosity z, related in some way to the normal shear

partial melt

lithosphere

upwelling mantle
depth

solidus

mantle
geotherm

temperature(a) (b)

Figure 1. (a) The situation at a mid-ocean ridge where tectonic plates are diverging. (b) A schematic
of the mantle geotherm that would exist if the mantle were not to partially melt, and the
lithostatic solidus temperature at the ridge axis. Partial melting occurs where the geotherm
exceeds the solidus temperature.
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Figure 6.42 The boundary-layer structure of two-dimensional thermal con-
vection cells in a fluid layer heated from within and cooled from above.

[Compare with Equation (6–337)]. With the above parameter values and
k = 4 W m−1 K−1, q̄ is 200 mW m−2. This is about 2.3 times larger than
the observed mean heat flow of 87 mW m−2. From Equation (6–369) the
mean horizontal velocity u0 is 84 mm yr−1. This is about twice the mean
surface velocity associated with plate tectonics.

The steady-state boundary-layer theory can also be applied to a fluid layer
that is heated from within and cooled from above. The flow is again divided
into counterrotating, two-dimensional cells with dimensions b and λ/2. A
cold thermal boundary layer forms on the upper boundary of each cell.
When the two cold boundary layers from adjacent cells meet, they separate
from the boundary to form a cold descending thermal plume. However, for
the fluid layer heated from within there is no heat flux across the lower
boundary. Therefore no hot thermal boundary layer develops on the lower
boundary, and there are no hot ascending plumes between cells. This flow
is illustrated in Figure 6–42. In the boundary-layer approximation, we can
assume that all fluid that is not in the cold thermal boundary layers and
plumes has the same temperature T1. The temperature T1 is not known
a priori and must be determined as part of the solution to the convection
problem.

The temperature distribution in the upper cold thermal boundary layer
is given by Equation (6–347), and the total rate at which heat flows out of
the top of each cell Q is given by Equation (6–348). In the layer there is a
uniform heat production H per unit mass. Thus, the total heat production
in a cell is ρ0Hbλ/2. Because we assume a steady state, Q must equal the
rate of heat generation in the cell

ρ0Hbλ

2
= 2k(T1 − T0)

(

u0λ

2πκ

)1/2

. (6.372)
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This work
Derive scaling laws for convection that include 
the effects of partial melting and couple with a 
1D melt migration model
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Melt migration
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Melt migration

•1D model of melt generation 
and migration (Hewitt and Fowler, 2008)

•Conserve mass, momentum 
and energy, and use Darcy’s 
law to solve for the melt 
velocity relative to the solid
•Add internal heating term to 
account for tidal heating (Elder 
and Showman, in prep.)
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Melt fraction
Volcanic heat flux

Scaling laws for 
convection

Mantle temperature
Mantle velocity

Melt generation and 
migration model

Convection and partial melting

(Elder and Showman, in prep.)

Input: heating rate



Parameter Space
• Very poorly constrained…
• Internal heating rate
• Radiogenic heating 1.1-1.9x1011 W (chondritic) 
• Tidal dissipation <5x1013 -1.7x1014 W (Io)
• Tidal dissipation in Europa’s silicate mantle is expected to be 

lower than radiogenic (Tobie et al., 2003) unless it’s partially molten 
then dissipation increases (Moore and Hussman, 2009)
• Test 1011-1014 W
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•Mantle rheology
• ‘Wet’ – water-saturated, lower viscosity, lower solidus
• ‘Dry’ – water free



Europa Preliminary Results
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Disclaimers
•We don’t know intrusive/extrusive ratio
•We don’t know depth of intrusion
•We don’t know if radiogenic elements were 
concentrated in a crust early in the evolution of the 
silicate mantle
•Tidal dissipation also varies with rheology
•Europa’s silicate mantle properties are even more 
uncertain than Io (will test a range of values in 
future work)



Discussion and Conclusion
•Small amounts of melting are possible in 
Europa’s silicate mantle
• But would resulting eruption rates be enough to 

maintain chemical disequilibrium in the ocean?
•At high tidal heating rates, significant melting is 
expected on Europa



Discussion and Conclusion
•More work is necessary to evaluate fraction of 
melt that can erupt 
• Earth has ~5 times more intrusion than eruption
• Shallow intrusion could still cause hydrothermal 

vents at Europa’s seafloor

Convection, partial melting, magma migration, and 
eruption are closely coupled processes


